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PGPUB-DOCUMENT-NUMBER: 2 0030218 47 0 
PGPUB-FILING-TYPE : new 

DOCUMENT- IDENTIFIER: US 20030218470 Al 

TITLE: High efficiency planar open magnet MRI system structured and arranged to 
provide orthogonal f erroref ractory effect 

PUBLICATION-DATE: November 27, 2003 

INVENTOR- INFORMATION: 

NAME CITY STATE COUNTRY RULE- 47 

Pulyer, Yuly M. Revere MA US 

APPL-NO: 09/ 746967 [ PALM] 
DATE FILED: December 22, 2000 

INT-CL: [07] Gpl R 27/08 

US-CL-PUBLISHED: 324/693 
US-CL-CURRENT: 324/633 

REPRESENTATIVE-FIGURES : 1 



A planar MRI system is disclosed. The system has an open magnet configuration that 
produces a magnetic field having a remote region of substantial magnetic field 
homogeneity. Spatial encoding gradient coils and a rf coil provide MRI data for 
image reconstruction. The open magnet configuration has a ferromagnetic core with a 
substantially planar core surface layer and a longitudinal axis, and a unipolar 
current wire pair on a side of the ferromagnetic core adjacent the planar core 
surface layer. The wire pair is separated along the longitudinal axis and extends 
in a direction substantially perpendicular to the axis and substantially parallel 
to the planar core surface layer. The current wire pair provides a magnetic field 
having a maximum between the current wire pair along a direction perpendicular to 
the planar core surface layer and in the remote region of substantial magnetic 
field homogeneity. The planar core surface layer of the ferromagnetic core provides 
an orthogonal refractory effect in the form of mirror imaging current wires having 
the same polarity as the current wire pair that substantially increases the 
resulting magnetic field compared to a magnetic field generated by the current wire 
pair in free space. 
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DOCUMENT-IDENTIFIER: US 20030218470 Al 

TITLE: High efficiency planar open magnet MRI system structured and arranged to 
provide orthogonal f erroref ractory effect 

Summary of Invention Paragraph : 

[0017] The present inventor has discovered the magnetic field provided by a pair of 
spaced parallel current wires can be refracted and magnified substantially by a 
planar ferromagnetic core that is structured and arranged to provide a substantial 
orthogonal f erroref raction effect, which provides the effect of generating a set of 
mirror image current wires of the same polarity. It has been found that a pair of 
current wires spaced apart along the longitudinal axis on one side of a flat 
ferromagnetic core provides a field on that side of the core having a distinct 
maximum at a remote position perpendicular to the core and between the current 
wires. The position of the maximum from the core is a function of the separation 
between the current wires. The magnetic coupling of the current loops (providing 
the current wires) with a ferromagnetic core of high permeability provides an open 
planar magnet configuration having increased magnet efficiency. 

Detail Description Paragraph : 

[0070] The quadro mirror effect provided for a magnetic field generated by a 
straight wire I.sub.l by mutual orthogonal ferromagnetic core plates of infinite 
length is illustrated in FIG. 2C. The presence of the mutual orthogonal 
ferromagnetic plates has the effect of inducing a field from a unipolar current 
wire pair where the field can be calculated as if including a contribution from 
three other imaginary wire pairs (I.sub.2i, I.sub.3i, I.sub.4i) located on opposite 
sides of the mutually orthogonal ferromagnetic plates from the actual current wire 
I.sub.l as shown in the figure. A pair of wires I.sub.l produce a magnetic field 
B.sub.lm along the X axis. The orthogonal ferromagnetic end plates at each end of 
the magnet configuration provide an orthogonal equipotential boundary condition at 
high permeability and provide an effect to magnify the magnetic field produced by 
the actual pair of current wires I.sub.l alone thereby providing a total magnetic 
field B. sub. tot that is equal to the sum of magnetic fields produced as if 
imaginary wires I.sub.2i, I.sub.3i, I.sub.4i were actual wires considered without 
the ferromagnetic core boundaries (this total field is called the " f e r ro re f r a c: txon " 
effect herein). The total magnetic field B. sub. tot produced by wires I.sub.l and 
the orthogonal ferromagnetic core plates is equal to the sum of B.sub.lm, 
B.sub.2im, B.sub,3im and B.sub.4im. In actual magnet systems where the plates 
cannot be infinite for practical reasons, the magnification effect is less than 
theoretical . 

Detail Description Paragraph : 

[0100] Alternative stepped end plate extension structures for providing an 
orthogonal quadru f erroref ract ion effect are illustrated in FIGS. 14A, 14B. In FIG. 
14A, a primary ferromagnetic core plate 140 with a stepped end plate extension 140a 

( only one end of magnet system being illustrated) accommodates primary current 
wire pairs that are divided into four sections 142a. 142b, 142c and 142d. In this 
embodiment, the dimensions of the steps are shown to be the same for each step. 
Thus, some of the mirror images of the coils are overlapping, providing target 
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field magnification. In FIG. 14B, a primary ferromagnetic core plate 150 with a 
stepped end plate extension 150a accommodates primary current wire pairs 152a. 
152b, 152c and 152d that are located in steps having non-equal dimensions. Thus, in 
this embodiment, the dimensions of the steps vary for each step to obtain the most 
efficient overlap of the mirror images to generate the desired remote field and 
obtain maximum target field magnification. In FIGS. 14A and 14B, only one end of 
the magnet system is illustrated (compare FIG. 3) . Also, a double magnet system can 
be constructed using the same primary coils by providing a mirror image structure 
on each side of the ferromagnetic core plate. Shimming coils can also be used as 
discussed above . 
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TITLE: Planar open maanet MRI system 



Abstract Text (1) : 

A .nia g n e t resonance imaging s v s t em _i s structure that 

provides a remote region of background field homogeneity for imaging. The system 
includes spatial encoding gradient coils and an rf coil. The open magnet structure 
has a primary magnet with two primary pole pieces connected by a primary 
fe rromaqnet i c core for internal flux. Each primary pole piece has a surface facing 
away from the primary magnet. Located between the two primary pole pieces is a bias 
magnet having two bias pole pieces connected by a bias ferromagnetic flux pathway 
for internal flux. The bias magnet has polarity opposite to the primary magnet. 
Each bias pole piece has a surface facing away from the bias magnet and in a 
direction the same as the surfaces of the primary pole pieces. Superposition of the 
magnetic fields of the primary magnet and bias magnet provide a region of 
substantial background field homogeneity remote from the magnets in said direction. 
Also described are (i) planar spatial encoding gradient coils that provide a remote 
gradient field in the region of substantial background field homogeneity and (ii) a 
planar rf coil that provides a remote rf field in the region of substantial 
background field homogeneity. 

Brief Summary Text (2) : 

This invention relates magnetic resonance imaging ( MRI) systems , to magnet systems 
for producing a homogeneous imaging field for MRI and, particularly; to open magnet 
systems for providing a remote region of field homogeneity along with olana^^^^ 
gradient coils for delivering gradient fields for spatial encoding in a remote 
target field region. 

Brief Summary Text (4) ; 

There are known whole body MRI magnets (super-conductive, permanent magnets and 
resistive magnets), which produce the background B.sub.o field used in MRI . The 
useable imaging volume in these magnets is in the region where the field 
homogeneity is a maximum. This volume is located in the air space centrally located 
between field sources. Thus, typically, MRI magnets are designed to provide a 
homogeneous magnetic field in an internal region within the magnet, e.g., in the 
air space of a large central bore of a solenoid or in the air gap between the 
magnetic pole plates of a C-type magnet. A patient or object to be imaged is 
positioned in the homogeneous field region located in such air space. In addition 
to the main or primary magnet that provides the background magnetic field B.sub.o, 
the_MRI system typically has gradie^^^ and rf coils which are used respectively for 
spatial encoding and exciting/detecting the nuclei for imaging. These gradient 
field and rf coils are typically located external to the patient inside the 
geometry of the B.sub.o magnet surrounding the central air space. 

Brief Summary Text (5) : 

Prior art electromagnets such as described by Watson et al and Muller et al. and 
other prior art iron core magnets typically have a structural design to provide a 
high strength magnetic field at a large central air space. In addition, those types 
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of the prior art magnets, of the iron core electro- or permanent type, have a 
substantial edge fringe field effect, which makes it difficult to image beginning 
immediately at the magnet edge or even proximal to the edge of the magnet due to 
lack of sufficient field homogeneity. 

Brief Summary Text (6) : 

In U.S. Pat. No. 5,049,848 a magnet configuration for MRI mammography is disclosed. 
The magnetic structure 50 has a rectangular shaped magnet with at least two 
parallel magnetic source 5, 6 connected by a f erromaqnet.ic core flux path defining 
an air gap for imaging. A remote shimming C-shaped magnetic source is preferably 
used for shimming to decrease the front edge fringe effect of the magnetic 
structure 50 to create a relatively homogeneous field in the air gap beginning at 
the front edge for effective imaging. 

Brief Summary Text (7 ) : 

Solenoidal MRI magnets (superconductive, resistive) as well as iron core C and E 
shape electromagnets or permanent magnets are known for imaging of the whole body 
and its extremities. However, such whole body MRI magnets are not generally well- 
suited for treatment of the patient with other modalities or for minimally invasive 
surgical procedures guided by real time MRI because of the limited access of the 
surgeon to the patient. This limited access results from the field producing means 
surrounding the imaging volume. Electromagnets of the C or E type ^S9.I}....9.9,^.^. 
configuration have been designed to offer a partially open access to the patient, 
however, the access is still very limited with typical air gaps of only 40 cm 
between the pole pieces of a C type magnet . Another type of magnet specifically- 
designed for interventional surgical guidance is General Electric *s Magnetic 
Resonan^^^^ Therapy device, which consists of two superconducting coils in a 
Helmholtz coil type arrangement. The air gap for this magnet is 58 cm, which 
typically permits access by one surgeon. None of those prior art magnets or MRI 
systems are not ideal with regard to simultaneously offering real time imaging and 
fully open access to the patient. Many surgical procedures require three or more 
surgeons together with an array of supporting equipment and, thus, a fully open 
magnet configuration for a MRI system for interventional procedures is desirable. 

Brief Summary Text (8) : 

Applications other than MRI have used magnets that produce a useful field region 
outside the magnet geometry. U.S. Pat. No. 4,350,955 describes means for producing 
a cylindrically symmetric annular volume of a homogeneous magnetic field remote 
from the source of the field. Two equal field sources are arranged axially so that 
the axial components of the fields from the two sources are opposed, producing a 
region near and in the plane perpendicular to the axis and midway between the 
sources where the radial component of the field goes through a maximum. A region of 
relative homogeneity of the radial component of the background field B.sub.r may be 
found near the maximum. The large radial field is generally denoted as the B.sub.o 
background field in MRI applications. See also, J. Mag. Resonance 1980, 41:400-5; 
J. Mag. Resonance 1980, 41:406-10; J. Mag. Resonance 1980, 41:411-21. Thus, two 
coils producing magnetic dipole fields having opposing direction are positioned 
axial^^ in a spaced relationship to produce a relatively homogeneous toroidal 
magnet field region in a plane between the magnets and perpendicular to the axis of 
cylindrical symmetry. This technology has been used to provide spectroscopic 
information for oil well logging but has not been used for imaging. 

Brief Summary Text (9) : 

Copending U.S. application Ser. No. 08/515,483 describes a magnetic resonance 
imaging ( MRI ) probe having an external background magnetic field B.sub.o. The probe 
has a primary magnet having a longitudinal axis and an external surface extending 
in the axial direction and a rf coil surrounding and proximal to the surface. The 
magnet provides a longitudinal axially directed field component B.sub.z having an 
external region of substantial homogeneity proximal to the surface. Comparing this 
magnet geometry to that of U.S. Pat. No. 4,350,955, it has a background B.sub.o 
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field with a cylindrically symmetrical region of homogeneity. However, this magnet 
described in the copending application provides such a field in the aKial or z 
direction (i.e., longitudinal axis direction) whereas the other provides a 
background B.sub.o field in the radial or r direction (i.e., radial direction). 
Preferably, the B.sub.o field is provided by two magnets spaced axially and in 
axial alignment in the same orientation and wherein said region of homogeneity 
intersects a p.lane that is located between the magnets and that is perpendicular to 
the axis . For MR imaging, surrounding the primary magnet are r-, 2- and .phi.;;;;^ 
gradient coils to provide spatial encoding fields. 

Brief Summary Text (10) : 

It is desirable to have new and better devices and techniques for biomedical MRI 
applications such as open magnet MRI systems for imaging while performing surgery 
or other treatments on patients. It is also desirable to have portable devices and 
imaging techniques that could be applied to a wide variety of imaging uses. 

Brief Summary Text (12): 

The present invention provides a planar MRI system having an open magnet 
configuration that produces a magnetic field having a substantial remote region of 
homogeneity. The magnet configuration comprises two pairs of planar pole pieces. 
The first pair of pole pieces is located centrally and the second pai r of pole 
pieces is located peripherally and has opposing polarity to the first pair of pole 
pieces. The two pairs of pole pieces provide two external fields of opposite 
polarity such that the interference of the two fields produces a resulting remote 
field having a substantial region of homogeneity. 

Brief Summary Text (13) : 

As used herein, the term "remote field" means that the field is located external to 
the magnet geometry producing the field. Typically, the magnet geometry will be 
located on one side of a planar surface and the' patient or body component to be 
imaged will be located on the opposite side of the planar- surface. As used herein, 
the terms "substantial homogeneity", "substantial field homogeneity" or 
"substantial relative field homogeneity" refer to and mean field homogeneity 
sufficient for producing MRI images. 

Brief Summary Text (14) ; 

The distance of the region of homogeneity from the surface of the pole pieces can 
be controlled by varying the ratio between the magnetomotive forces of the 
peripheral pair of pole pieces and the central pair of pole pieces. The peripheral 
pair of pole pieces provide the major field and determine the basic field strength. 
The central pair of pole pieces provide a biasing field. Thus, the relative 
strength of the basic field and the biasing field determines the distance of the 
region of homogeneity from the planar surface. The size of the homogeneous region 
can be influenced by the size, geometry, spacing and orientation angle of the pole 
pieces with respect to the planar surface. 

Brief Summary Text (15) : 

The MRI system also has (i) a xyz_ plana_r__g^^ coil system that produces a 

constant gradient field for spatial encoding in the region of homogeneity, i.e., 

the imaging volume or target region, as well as (ii) rf excitation and receiving 

coil (either integral or separate rf coils) . Shimming coils and/or passive 
ferromagnetic -shimming can be provided to increase the remote field homogeneity in 
a particular region. 

Brief Summary Text (16) : 

The size of the magnet configuration and KRX system in accord with the present 
invention can be varied to provide whole body imaging or portable systems for 
localized imaging. 

Drawing Description Text (4) : 
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FIG. IC is schematic illustrating the field B.sub.z plotted along the x -axis . 
Drawing Description Text (6) : 

FIG. 2 is a schematic illustrating a planar remote field x - gradient coil in the 
form of an array of current loops and further illustrating at the center of each 
loop the vector magnetic dipole associated with the loop. Also illustrated are the 
field vectors generated by the magnet dipoles, which shows an approximately 
constant gradient field. 

Drawing Description Text (7) : 

FIG. 3A is a schematic plan view illustration of a planar remote field x -qradieat 
coil in the form of an array of current^^^^^ 

Drawing Description Text (8) : 

FIG. 3B is a cross sectional view of the x -gradient coil of FIG. 3A along the 7.^ 

axis illustrating field lines and further schematically illustrating the B.sub.z 

field as a function of x at y=z=0 showing an approximately constant g.radien^^ field 
with respect to x. 

Drawing Description Text (9) : 

FIG. 3C illustrates a simple three current wire array and a simple computation 
vector diagram for this cur r^^^ array. 

Drawing Description Text (10) : 

FIG. 4A is a schematic plan view illustration of a planar remote field y -gradient 
coil in the form of a current wire array. 

Drawing Description Text (11) : 

FIG. 4B is an isometric illustration of the planar array of FIG. 4A. including an 
illustration of the remote y -gradient field provided by the array of FIG. 4A. 

Drawing Description Text (12) : 

FIG. 4C is an illustration of the y-qradient field profile along the y-axis of FIG. 
4B. 



Drawing Description Text (13) : 

FIG. 4D is an illustration showing a simple six (6) wire array for a y-^l.f..'=5?i,§.ll'^. 
coil for analysis of coil capability. 

Drawing Description Text (14) : 

FIG. 5A is a schematic plan view illustration of a planar remote field z -gradient 
coil in the form of a rectangular loop array. 

Drawing Description Text (15) : 

FIG. 5B is a schematic cross sectional view in the xz plane of the wires of the 
loop array of FIG. 5A and illustrates the remote z -gradient field provided by the 
2~Q.^'.§.5[L^.r:.t:. coil . 

Drawing Description Text (16) : 

FIG. 6A is a schematic illustration of three rf coils for excitation and detection 
of the nuclear magnetic resonance signal, which provide a remote x-directional rf 
field orthogonal to the z directional background field. 

Drawing Description Text (17): 

FIG, 6B illustrates the x-directional field provided by the rf coil of FIG. 6A 
which is orthogonal to the z -axis . 

Drawing Description Text (18) : 

FIG, 7 is an isometric view, partially broken away, of an embodiment of an open 
magnet configuration for an MR! system in accord with the present invention. 
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Drawing Description Text (19): 

FIG. 8A is a perspective view, partially broken away, of an alternative whole body 
open magnet configuration for an MR I system in accord with the present invention 
wherein the backgroun d magnetic field provided by the magnet is parallel to the 
long axis of a patient table. 

Drawing Description Text (21) : 

FIG. 9A is a front elevational view, partially in cross section, of an embodiment 
of a whole body open miagnet configuration for an MR! system in accord with the 
present invention wherein the background trtagnebic field provided by the magnet is 
perpendicular to the long axis of a patient table. 

Drawing Description Text (23): 

FIG. 10 is a plot of a remote region B.sub.z component field for a planar open 
magnet of the present invention. 

Detailed Description Text (2 ) : 

The invention will be described with reference to the drawings wherein like 
reference numerals in different figures refer to the same component. In accord with 
the present invention, a magnet configuration for a MR I system is an open device 
that provides a background B.sub.o field having a remote region of substantial 
homogeneity. As illustrated in FIG. lA, two pair of pole pieces are provided in an 
open configuration. A first pair of pole pieces P.sub.l, P. sub, 2 provide the main 
background B,sub.o field as determined by the coils having turns N. sub.pl, 
N,sub,p2, A second pair of pole pieces f.sub.l, f.sub.2 provide a bias field, 
opposing the main background field, as determined by the coils having turns 
N.sub.fl, N.sub,f2. 

Detailed Description Text (3) : 

The first pair of pole pieces provide a first field flux .PHI.. sub. 1 which 
generates the main background field B.sub.o and the second pole pair provides a 
second fringe flux .PHI,, sub. 2 which generates the bias field. As illustrated in 
FIG. IB, the two fluxes interfere with each other and provide a resulting additive 
field region illustrated in FIG." IC, which shows a plot of B.sub.z versus x, the 
direction away from the magnets. This illustration shows the field going through an 
extremum at a value of x remote from the magnet pole pieces and thus defines a 
region of substantial relative field homogeneity . DELTA. B . sub . z over a 
distance . DELTA. x, i.e., where the B.sub.z field component is substantially 
homogeneous for MR I imaging to be performed. 

Detailed Description Text ( 4 ) : 

The pole pieces are connected by a ferroma^^ C, which is configured 

preferably to optimize the surface area of the main coil excitation sections for 
maximum heat dissipation as well as enhancing ease of manufacturing by use of 
traditional laminated core technology. 

Detailed Description Text (5) : 

As illustrated in FIG. lA, the ferromagnetic core can be common to both the first 
and second pairs of pole pieces. The central pole pieces f.sub.l, f.sub.2 of the 
bias field electromagnet and the two parallel ferromagnetic bars extending from the 
main _f errom^^^ to the central pole pieces together with a section of the 

L^.£?^.93^3R^.%-A9...S,9.'^^^^ form a C-shape electromagnet wherein the bars are coupled with 
excitation coils N.sub.fl and N.sub.f2 connected in series with the two main coils 
to generate a central low power bias flux , PHI . . sub . 2 . Because the central 
electromagnet and the main or primary electromagnet share the central portion of 
the ferromagn^^ and provide opposing fluxes, the fluxes will subtract in the 

mutual core region. However, because the flux from the central magnet is much 
smaller than the primary flux and because the core material is preferably made of a 
material having a very high .mu., the small local field superposition will not have 
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any practical effect on those two fluxes. 
Detailed Description Text ( 6) : 

An equivalent lumped parameter magnetic circuit for the magnet of FIG. lA is 
provided in FIG. ID to illustrate the basic relationship between the magnetomotive 
forces and fluxes and can be used as an aid in computation of an electromagnet to 
determine core dimensions, _coil parameters for desired field strength, region of 
homogeneity, current density, core saturation induction, etc. This computation can 
be performed by conventional techniques well known to those skilled in the art by 
resolving the field problem based on given pole piece boundary conditions to 
determine reluctances in the equivalent circuit. 

Detailed Description Text (7) : 

The position of the region of homogeneity is controlled by the ratio, of 
magnetomotive forces as provided by the primary and central pole pieces. 
Advantageously, separate current sources can be provided for the primary coils and 
the central coils to have more control over the magnetomotive forces of the two 
different coil systems and thereby vary the distance from the magnets of region of 
substantial field homogeneity. The shape and geometry of the pole pieces are 
primary factors for defining the region of substantial homogeneity. 

Detailed Description Text (8) : 

The magnet core configuration illustrated in FIG. lA is optional and can be varied 
in shape according to physiological requirements and the dimension of the target 
field region. FIG. 10 shows the result of computation of remote field provided by a 
magnet configuration in accord with the present invention and illustrates the 
relative homogeneity of the z component of the background B.sub.o field remote from 
the magnets. 

Detailed Description Text (9) : 

In accord with the present invention, a MR I system comprising a magnet 
configuration as illustrated in FIG. lA also comprises a set of xyz aradien^^^^ coils 
to provide spatial encoding in the remote region of background B.sub.o field 
homogeneity for imaging. In keeping with the planar open design of the magnet 
geometry and configuration of the present invention, planar xyz gradient coils were 
created. Advantageously, the remote field xyz gradient coils are preferably planar 
open surface coils. Preferably, the entire gradien^^ coil is substantially in the 
same p.lan.^.- accord with the present invention, each current^^^ does not 

have a complimentary or mirror image current plane in order to generate the desired 
gradient field between the complimentary planes . Thus, in accord with the present 
invention, each single pi anar g radiant coil produces a remote gradient field along 
the X, y or z axis in the target region of background field homogeneity. 

Detailed Description Text (10) : 

In accord with this invention, as illustrated in FIG. 2, a planar remote field x^ 
gradient coil can be constructed using multiple current loops in a current loop 
array configuration. As shown, two external loop sections are configured to have 
mutually opposite current polarity. Two internal current loop sections are 
configured also to have mutually opposite current polarity and the current polarity 
in the inner loop sections is also mutually opposite its corresponding external 
loop section (FIG. 2a) . The array loops are symmetric with respect to the y and z 
axes . 

Detailed Description Text (11) : 

Also illustrated on the right side of FIG. 2 is a simple field computation 
approximation using the magnetic moment vectors associated with the current loops. 
The basic B.sub.z field components at x.sub.l contributed by each of the four 
magnetic dipoles are shown. The vector sum of the field from the two main current 
loops with current I.sub.l and turns N.sub.l is denoted B.sub.zl and the two bias 
current loops with current I, sub. 2 and turns N.sub.2 is denoted B.sub.z. Also 
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illustrated on right hand side of FIG. 2 are (i) the vector sum of the field from 
the current loops which produces a gradient field B.sub.z,x, which is substantially 
linear over the target field region . DELTA. x . sub . 1 and which corresponds to the 
region in which the background field B.sub.z^o, (also shown) goes through an 
extremum. 

Detailed Description Text (12) : 

An alternative x - gradient coil structure is illustrated in FIG. 3A, with field 
lines of the two opposing fluxes illustrated in FIG. 3B with the resultant x;;;; 
gradient field, z component, B.sub.z,x which is substantially linear 
over .DELTA. X. sub. 1 illustrated in the right side of FIG. 3B. This coil structure 
is a cur;reri_t^_^^^^^^^ array and will provide a remote linear x-gradie^^^^^ field similar 
to the current loop array depicted in FIG. 2. FIG. 3C illustrates a simple three 
wire system for demonstration purposes. 

Detailed Description Text (13) : 

The x-gradien^^ structure has ampere wire distribution on a planar surface 15 

with two external unidirectional current wire sections N.sub.llx and N.sub.l2x With 
a central unidirectional current section N.sub.21x having opposite current polarity 
to provide a central bias field, thereby providing a remote z-component field 
having substantially constant q radient as illustrated in FIG. 3B. 

Detailed Description Text (14) : 

It should be noted that the x -qradient coil geometry is similar in concept to the 
magnet geometry for the B.sub.o background field. 

Detailed Description Text (15) : 

In accord with this invention, as illustrated in FIG. 4A, a planar remote field y:^. 
gradient coil can be constructed using a current wire array. As illustrated, the 
current v/ire array preferably has four sections corresponding to four y, z 
quadrants: first having coordinates 0, -y, z; the second having coordinates o, y, 
z; the third having coordinates 0, -y, -z; and the fourth having coordinates 0, y, 
-z; in other words, the quadrant boundaries are the y and z axes in the x=0 plane . 
Each quadrant section is divided in subsections along the y axis . The subsections 
at each z-level (Z.sub.l, Z.sub.2, Z.sub.3 . . . ) are symmetrical about and have 
opposing current polarity with respect to the z -axis . The subsections are also 
symmetrical about and have the same current polarity with respect to the y-axis . As 
can be seen from FIG. 4B, the number of current^^^ remains constant over y at 

each level of z, however, the number of v;ires having positive and negative current 
polarity varies along y. The current X'^ires providing the remote y-gradient field 
are connected by return wires (dashed in FIG. 4A) which are located far enough away 
from the desired wire cu^^ array to minimize target field disturbance. 

Detailed Description Text (16) : 

FIG. 4B illustrates the current wire array, which is located in the x=0 plane.; 
extends in the y direction from +y.sub.o to -y.sub.o, and provides a y-qradient 
field in a remote region. It illustrates only the operative current w^^^^ of the 
array of the wiring schematic of FIG. 4A. The y-^ra.^.ii^^it field is a field directed 
in the same direction z as the background field B.sub.o and which varies linearly 
with y. On the right side of FIG. 4B is an illustration of the y -gradient field at 
the remote plane x=x.sub.o. Note that the field is sinusoidal as a function of y so 
that the region of linearity is localized around y=0. The region of linearity can 
be specified as a fraction of y.sub.o which is approximately 0.5 y.sub.o. Thus, the 
region of linearity in y can be increased by increasing the spatial extent of the 
current wire array in y. 

Detailed Description Text (17) : 

The gradient field depends upon y because the distribution of cur rent ^^^w^^^ with 

y ^xis changetive currents parallel to the y axis changes with the y position. 

FIG. 4B illustrates the current pattern changes at y=y.sub.l, Y.sub.2, etc. Thus, 
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between Y.sub.o and y.sub.l, the current pattern as a function of z is constant and 
then changes to a different pattern between y.sub.l and Y.sub.2. The field produced 
by each of these current patterns is shown as a function of x at each incremental y 
position where the z pattern of the current vjire array changes. In each case, the 
field goes through an extremum at the same value of x, in this case x.sub.O, 
however, the amplitude of the extremum changes from positive to negative producing 
the .gradient field. 

Detailed Description Text (18) : 

FIG. 4C is an illustration of the gradient field profile. Because the field is an 
extremum at the remote x=x.sub.o plane, it is a region of relative homogeneity. The 
region of homogeneity of the .g.^adient field extends in the x direction over a 
distance . DELTA. x . sub . o . 

Detailed Description Text (19) : 

FIG. 4D illustrates the simplest six current: wire array which is useful as an 
analytical model for easy computation of the remote y-3.-^!.^.4A.§.lA& field. 

Detailed Description Text (20) : 

In accord with this invention, a planar remote field z -qradient coil can be 
constructed between the pole pieces P.sub.l, P. sub. 2 of the primary magnet as 
illustrated by the wiring diagram in FIG. 5A. FIG. 5A shows a set of current 
a. sub. 11, b.sub.l and a. sub. 12 at positive values of z and a symmetric set of 
opposite polarit y current wires a. sub. 22, b.sub.2 and a. sub. 21 located at 
corresponding negative values of z. The current in v;ires a. sub. 11, a. sub. 12 have 
cu rrent in one direction with the bias wi re set b.sub.l having cu rrent in the 
opposite direction. The wire sets a. sub. 21, a. sub. 22 and b.sub.2 on the opposite 
side of the y-axis have currents flowing in the opposite directions to the currents 
in the corresponding wire sets a. sub. 11, a. sub. 12 and b.sub.l. A remote z -qradient 
field is provided in the target background field. All of the current wires in sets 
"a" are preferably are connected, as illustrated, to be supplied by a single power 
source. Similar to the field produced by the yr.9^radien^^ of FIG. 4A, these two 

sets of current ivires produce a field maximum, each of opposite sign at the remote 
plane x=x.sub.o at different values of z. This produces the gradient field 
illustrated in FIG. 5B. 

Detailed Description Text (21) : 

FIG. 5B shows a side cross sectional view of the z.-gradient coil illustrating field 
line orientation in the xz plane at y=0 of the wire sets illustrated in FIG. 5A 
with a plot of the z component of the z -gradient field B.sub.zg, illustrating a 
substantially constant qradieiit over a range of z. 

Detailed Description Text (22) : 

As illustrated in FIG. 6A, the present invention also provides a planar rf coil 
set, which provides a remote region of approximate rf field homogeneity wherein the 
major components are oriented orthogonal to the z component of the background 
field, i.e., oriented in the x-direction. The three coils illustrated can be used 
singly or in combination with each other to produce an rf field perpendicular to 
the B.sub.o field in different regions of the target volume. By varying the number 
of coaxial current loops in the rf coils, which can be in different but parallel 
planes, the region of the x-oriented rf field homogeneity can be positioned in the 
region of remote field homogeneity of the background field. FIG. 6B illustrates the 
x-directional field provided by the rf coil of FIG. 6A which is orthogonal to the 
z -axis . However, it will be appreciated by those skilled in the art that the rf 
field must be perpendicular to the B.sub.o field (which for discussion in this 
specification is in the z direction) . Thus, an rf field in the y direction can also 
be illustrated in a similar manner and provided used for excitation and detection 
of the nuclear nia gn e t i c signal. 

Detailed Description Text (23) : 
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FIG. 7 illustrates another embodiment of an opea planar magnet configuration 
constructed in accord with the present invention. In this embodiment, the MR.I 
magnet 150 has a primary electromagnet 160 with a ferromagnetic core 165 that was 
configured to accept four coils 161, 162, 167, 168 and two pole pieces 163, 164. 
The two pole pieces 163, 164 are essentially in the same plane . Centered between 
the pole pieces of the primary electromagnet is a bias electromagnet 170 that has 
two coils 171, 172 and two pole pieces 173, 174. The symmetrical magnet 
configuration provides a region of substantial homogeneity of the background field, 
also known as the imaging volume or the target region. The ferromagnetic core 65 
provides an internal flux path for the primary electromagnet. Vertical 
f erromagneti c bars 175, 176 with the central portion of the core 165 provide an 
internal flux path for the bias electromagnet. 

Detailed Description Text (24) : 

The open magnet configuration providing a remote background field for MR I can be 
made in any size to provide whole body capability or a portable system for more 
localized imaging. FIGS. 8A, 8B illustrate an embodiment of a MRI system in accord 
with the present invention having a magnet configuration constructed so that the 
primary magnet z --axis is oriented in parallel with the patient table (head to toe 
direction) . A preferred MRI device 50 in accord with the present invention has a 
primary electromagnet 60 that has two coils 61, 62 and two pole pieces 63, 64. 
Centered between the pole pieces of the primary electromagnet is a bias 
electromagnet 70 that has two coils 71, 72 and two pole pieces 73, 74. A patient 
table 80 is positioned for head to toe direction in parallel with the z -axis of the 
magnet configuration and is moveable, particularly in the z-direction, to position 
the desired portion of the patient in the region of homogeneity H of the background 
field, also known as the imaging volume or the target region. A ferrorna^^ 
65 provides an internal flux path for the primary electromagnet. Vertical 
f errom.agnetic bars 75, 76 with the central portion of core 65 provide an internal 
flux path for the bias electromagnet. Preferably, the pole pieces of both magnets 
are extended laterally beyond the width of the patient table to aid in providing a 
maximum remote region of background field homogeneity. Various well known shimming 
means such as shimming coils (not shown) can also be used to define and position 
the remote region of background field homogeneity. 

Detailed Description Text (25) : 

FIGS. 9A, 9B illustrate an_MRI system in accord with the present invention having a 
magnet configuration constructed so that the primary magnet z-axis is oriented 
perpendicular to the patient table (head to toe direction) . A preferred MRI device 
50 in accord with the present invention has a primary electromagnet 60 that has two 
coils 61, 62 and two pole pieces 63, 64. Centered between the pole pieces of the 
primary electromagnet is a bias electromagnet 70 that has two coils 71, 72 and two 
pole pieces 73, 74. A patient table 80 is positioned for head to toe direction 
perpendicular to the z -axis of the magnet configuration and is moveable, 
particularly in the y-direction (i.e., perpendicular to the z-direction), to 
position the desired portion of the patient in the region of homogeneity H of the 
background field, also known as the imaging volume or the target region. A 
f e r r oma gn 65 provides an internal flux path for the primary electromagnet. 

Vertical ferromagnetic bars 75, 76 with the central portion core portion 77 provide 
an internal flux path for the bias electromagnet. The bias core path is separated 
from the primary electromagnet core 65 by a 1 a ye r 78 of non-magnetic material. 
Preferably, the pole pieces of both magnets are extended laterally beyond the width 
of the patient table to aid in providing a maximum remote region of background 
field homogeneity. As illustrated in FIG. 9A (and in FIG. 8A) , the pole pieces 
preferably are positioned at an acute angle .alpha, to the plane of the patient 
table. Shimming coils (not shown) can also be used to define and position the 
remote region of background field homogeneity H, Planar xyz .g„^.adi^nt and rf coils 
are positioned below the patient table and can extend over the surface of the main 
pole pieces 63 and 64. The particular geometry and size of the gradient and rf 
coils must be optimized for each particular application, as is well known in the 
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art. 
CLAIMS : 

1. A magnetic resonance imaging system comprising an open magnet structure that 
provides a remote region of background field homogeneity for imaging, spatial 
encoding a^adient coils and an rf coil, wherein the open_r^^^^^ comprises: 

a primary magnet having two primary pole pieces connected by a primary 
ferromagnetic core for internal flux, each primary pole piece having a surface 
facing away from the primary magnet, and 

a bias magnet having two bias pole pieces located between the two primary pole 
pieces and connected by a bias ferromagnetic flux pathway for internal flux, the 
bias magnet being structured and arranged to have polarity opposite to the primary 
magnet, each bias pole piece having a surface facing away from the bias magnet and 
in a direction the same as the surfaces of the primary pole pieces, 

superposition of the magnetic fields of the primary magnet and bias magnet 
providing a region of substantial background field homogeneity remote from the 
magnets in said direction. 

2. A magnetic resonance imaging system in accord with claim 1, wherein said primary 
magnet is an electromagnet comprising two primary coils, one associated with each 
of the primary pole pieces, the primary ferromagnetic core linking the two coils 
for internal flux. 

3. A magnetic resonance imaging system in accord with claim 1, wherein the bias 
magnet is an electromagnet comprising two bias coils, one associated with each of 
the bias pole pieces, the bias ferromagnetic flux pathway linking the two coils for 
internal flux, 

4. A magnetic resonance imaging system in accord with claim 2, wherein the bias 
magnet is an electromagnet comprising two bias coils, one associated with each of 
the bias pole pieces, the bias ferromagnetic flux pathway linking the two coils for 
internal flux, and wherein the primary f errorciagnetic core and the bias 
.L§.^.^:9.^r:§t3D.^.tA.?. flux pathway have a common portion. 

5. A magnetic resonance imaging system in accord with claim 2, wherein the bias 
magnet is an electromagnet comprising two bias coils, one associated with each of 
the bias pole pieces, the bias ferromagnetic flux pathway linking the two coils for 
internal flux, and wherein the primary ferrqin^^^^ and the bias 
L§.£?^.2B^.!3R^.%.L9.. fl^x pathway are separated by a layer of nonmagnetic material. 

6. A magnetic resonance imaging system in accord with claim 1, wherein the spatial 
encoding q radii.ent coils are planar coils providing a remote gradient field in the 
region of substantial background field homogeneity, 

7. A magnetic resonance imaging system in accord with claim 1, wherein the rf coil 
is a planar coil providing a remote rf field in the region of substantial 
background field homogeneity, 

8. A iMS.r?l^.L4:.q....^.^s.9I^^^^^^ imaging system in accord' with claim 6, wherein the primary 
and bias pole pieces are spaced along a z -axis in a rectangular coordinate system, 
a y -axis extends perpendicular to the z -axis with the y, z-axes defining a plane 
substantially parallel to the pole pieces, and a x -axis extending in a direction 
perpendicular to said Plane^^ wherein the background B.sub.o field extends in the 
direction of the z-axiSjr^ and wherein the spatial encoding gradien^t^^^ comprise a 
planar x gradient coil comprising two pair of current loops that are symmetric 
about the y and z axes with a first pair of current loops, one on each side of the 
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y-axis^ being external to a second pair of current loops located between the first 
pair of loops with one loop of the second pair, on each side of the y-axis/ the 
first pair of current loops having a polarity opposite to the second pair of 
current loops. 

9. A laaqriet i c: resona nee imaging system in accord with claim 6, wherein the primary 
and bias pole pieces are spaced along a z-axis in a rectangular coordinate system, 
^ y -axis extends perpendicular to the z -axis with the y, z-axes defining a plane 
substantially parallel to the pole pieces, and a x -axis extending in a direction 
perpendicular to said plane, wherein the background B.sub.o field extends in the 
direction of the z -axis, and wherein the spatial encoding gradient coils comprise a 
planar x aradien^^^ comprising a plurality of curr^nt^w^^^^ arranged in an array 
in the y, z plane perpendicular to the z -axis, the array being symmetrical about 
both y- and z-axes, the array comprising three sections of v/ires with two outer 
sections having opposite polarity to the inner section. 

10. A macfnetic resonance imaging system in accord with claim 6, wherein the primary 
and bias pole pieces are spaced along a z -axis in a rectangular coordinate system, 

a y -axis extends perpendicular to the z --axis with the y, z-axes defining a plane 
substantially parallel to the pole pieces, and a x -axis extending in a direction 
perpendicular to said plane^ wherein the background B.sub.o field extends in the 
direction of the z-axis^_ and wherein the spatial encoding gradien^^^ comprise a 

planar y gradient coil comprising a plurality of current wires arranged in an array 
in the y, z plane perpendicular to the z -axis, the array being symmetrical about 
both y- and z-axes, the array comprising sections of wires arranged so that for y 
being negative in the section adjacent to the z -axis all of the vjires carry curreri t 
having a positive polarity, in the next adjacent section a fraction of the wire^^^^ 
carry current having a negative polarity, and in each succeeding section moving 
away from the z -axis the fraction of wires carrying current having a negative 
polarity increases in a linear manner until in the last section all wires carry 
curren t having a negative polarity, and on the opposite side of the z -axis the 
polarity of current is reversed in the sections providing symmetry about the z- 
axis . 

11. A magnetic resonance imaging system in accord with claim 6, wherein the primary 
and bias pole pieces are spaced along a z -axis in a rectangular coordinate system, 

a y-axi_s extends perpendicular to the z-axis with the y, z-axes defining a plane 
substantially parallel to the pole pieces, and a x-axis extending in a direction 
perpendicular to said plane, wherein the background B.sub.o field extends in the 
direction of the z -axis, and wherein the spatial encoding gradient coils comprise a 
planar z gradient coil comprising two current loops in the y, z plane in a 
symmetrical arrangement with respect both the y and z axes, a first loop arranged 
exterior to and surrounding a second loop and having opposite polarity to the 
second loop. 

12. A maqne b i c reso:aance imaging system in accord with claim 7, wherein the primary 
and bias pole pieces are spaced along a z-axis in a rectangular coordinate system, 

a y-axis extends perpendicular to the z-axis with the y, z-axes defining a plane 
substantially parallel to the pole pieces, and a x -axis extending in a direction 
perpendicular to said plane, wherein the background B.sub.o field extends in the 
direction of the z -axis, and wherein the rf coil is a planar rf coil comprising 
three or more axisymmetrical coils arranged in a y, z pla.llt:- 

13. A spatial encoding gradient coil for a magnetic resonance imaging system, 
wherein the spatial encoding gradient coil is selected from the group consisting of 
(i) a plurality of planar current loops or (ii) a plurality of current v>?ire sets, 
which provide a remote gradient field in the region of substantial background field 
homogeneity, wherein a PA4.^....9.?.„.9LVl.?.^,^.?>t. loops or a .pair o^ sets provide 
a primary field and an opposing current loop or an opposing current wire set 
provides a bias field. 
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14. A spatial encoding £^;§.cl_i e n t _ c o imaging system in 
accord with claim 13, wherein the system has a background B.sub.o field in a 
direction parallel to the z -axis in a rectangular coordinate system, a y -axis 
extends perpendicular to the z -axis with the y, z-axes defining a plane, and 
wherein the spatial encoding gradient coil is a pla:n.ar x qrad:i.ent: co.il comprising 
two pair_of loops that are symmetric about the y and z axes with a first 
pair of current loops, one on each side of the y -axis, being external to a second 
pair of current loops located between the first pair of loops with one loop of the 
second pair on each side of the y -axis, the first pair of current loops, which 
produce the primary field, having a polarity opposite to the second pair of current 
loops, which produce the bias field. 

15. A spatial encoding gradient coil for a magnetic resonance imaging system in 
accord with claim 13, wherein the system has a background B.sub.o field in a 
direction parallel to the z -axis in a rectangular coordinate system, a y -axi s 
extends perpendicular to the z-axis with the y, z-axes defining a.plane^^^ and a x- 
axis extending in a direction perpendicular to said plane, and wherein the spatial 
encoding gradient coil is a planar x gradient coil comprising a plurality of 
current v/ires arranged in an array in the y, z plane perpendicular to the z -axis, 
the array being symmetrical about both y- and z-axes, the array comprising three 
sets of wire^^^^ with two outer sets having opposite polarity to the inner set. 

16. A spatial encoding gradient coil for a magnetic resonance imaging system in 
accord with claim 13, wherein the system has a background B.sub.o field in a 
direction parallel to the z -axis in a rectangular coordinate system, a y -axis 
extends perpendicular to the z-axis with the y, z-axes defining a, plane 
substantially parallel to the pole pieces, and a x -axis extending in a direction 
perpendicular to said plane, and wherein the spatial encoding gradient coil is a 
planar y gradient coil comprising a plurality of current wires arranged in an array 
in the y, z plane perpendicular to the z -axis, the array being symmetrical about 
both y- and z-axes, the array comprising sections of wires arranged so that for y 
being negative in the section adjacent to the z -axis all of the wires carry current 
having a positive polarity, in the next adjacent section a fraction of the v/ires 
carry current having a negative polarity, and in each succeeding section moving 
away from the z -axis the fraction of wires carrying curren t having a negative 
polarity increases in a linear manner until in the last section all wires carry 
current having a negative polarity, and on the opposite side of the z-axis the 
polarity of current is reversed in the sections providing symmetry about the z^ 
axis . 

17. A spatial encoding gradien_t coil for a iMgneti^c^^^^^ imaging system in 
accord with claim 13, wherein the system has a background B.sub.. field in a 
direction parallel to the z -axis in a rectangular coordinate system, a y -axis 
extends perpendicular to the z -axis with the y, z-axes defining a plane 
substantially parallel to the pole pieces, and a x -axis extending in a direction 
perpendicular to said Plarie^^ and wherein the spatial encoding_gi;adie^^^ 

planar z .gradient__ c^^^ comprising two current loops in the y, z plane in a 
symmetrical arrangement with respect both the y and z axes, a first loop arranged 
exterior to and surrounding a second loop and having opposite polarity to the 
second loop. 

18. A r^Lagnetic^ imaging systerri comprising an open.JMgnet structure that 
provides a remote region of background field homogeneity for imaging, spatial 
encoding gradient coils and an rf coil, wherein the open magnet comprises: 

a primary magnet having two primary pole pieces connected by a primary 
ferromagn^^^ for internal return flux, each primary pole piece having a 

surface facing away from the primary magnet, and 
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a bias magnet having two bias pole pieces located between the two primary pole 

pieces and connected by a bias ferromagnetic flux pathway for internal return flux, 

each bias pole piece having a surface facing away from the bias magnet and in a 

direction the same as the surfaces of the primary pole pieces, 

superposition of the magnetic fields of the primary magnet and bias magnet 
providing a region of substantial background field homogeneity remote from the 
magnets . 
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